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Organic ligands form strong complexes with many trace elements in seawater. Various
metals can compete for the same ligand chelation sites, and the final speciation of
bound metals is determined by relative binding affinities, concentrations of binding
sites, uncomplexedmetal concentrations, and association/dissociation kinetics. Different
ligands have a wide range of metal affinities and specificities. However, the chemical
composition of these ligands in the marine environment remains poorly constrained,
which has hindered progress in modeling marine metal speciation. In this study, we
detected and characterized natural ligands that bind copper (Cu) and nickel (Ni)
in the eastern South Pacific Ocean with liquid chromatography tandem inductively
coupled plasma mass spectrometry (LC-ICPMS), and high-resolution electrospray
ionization mass spectrometry (ESIMS). Dissolved Cu, Ni, and ligand concentrations were
highest near the coast. Chromatographically unresolved polar compounds dominated
ligands isolated near the coast by solid phase extraction. Offshore, metal and ligand
concentrations decreased, but several new ligands appeared. One major ligand was
detected that bound both Cu2+ and Ni2+. Based on accurate mass and fragmentation
measurements, this compound has a molecular formula of [C20H21N4O8S +2 M]
+ (M =
metal isotope) and contains several azole-like metal binding groups. Additional lipophilic
Ni complexes were also present only in oligotrophic waters, with masses of 649,
698, and 712 m/z (corresponding to the 58Ni metal complex). Molecular formulae
of [C32H54N3O6S2Ni]
+ and [C33H56N3O6S2Ni]
+ were determined for two of these
compounds. Addition of Cu and Ni to the samples also revealed the presence of
additional compounds that can bind both Ni and Cu. Although these specific compounds
represent a small fraction of the total dissolved Cu and Ni pool, they highlight the
compositional diversity and spatial heterogeneity of marine Ni and Cu ligands, as well
as variability in the extent to which different metals in the same environment compete for
ligand binding.
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INTRODUCTION
Strong organic ligands affect the solubility and reactivity of Cu
and Ni in marine environments and impact the bioavailability of
these essential micronutrient metals (Vraspir and Butler, 2009).
Studies of Cu speciation using electrochemical methods show
that more than 99% of dissolved Cu is complexed by strong
organic ligands in the surface ocean (Coale and Bruland, 1988,
1990; Moffett et al., 1990; Donat and van den Berg, 1992; Campos
and van den Berg, 1994; Moffett, 1995; Buck and Bruland, 2005;
Jacquot et al., 2013; Thompson et al., 2014; Jacquot and Moffett,
2015). In comparison, a smaller fraction (30–50%) of dissolved
Ni is complexed by strong organic ligands (van den Berg and
Nimmo, 1987; Nimmo and van Den Berg, 1989; Zhang et al.,
1990; Donat et al., 1994; Achterberg and Van Den Berg, 1997;
Saito and Moffett, 2004; Saito et al., 2005). Although these
electrochemical studies do not provide direct information on the
chemical composition of ligands, they do suggest that structurally
diverse ligands with distinct sources and binding strengths are
present throughout the ocean (e.g., Buck and Bruland, 2005;
Bundy et al., 2013).
Marine organisms are capable of producing a wide variety
of Cu and Ni chelators that could potentially contribute to
the natural ligand pool. Some Ni and Cu chelators such as
glutathione, phytochelatins, and metallothioneins are produced
to chelate metals as a detoxification mechanism (Ahner et al.,
1994, 1997, 2002; Dupont et al., 2004; Freeman et al., 2004;
Wei and Ahner, 2005; Devez et al., 2009). Other chelators
such as methanobactins and staphylopines are produced to
facilitate Cu or Ni acquisition (Kim et al., 2004; El Ghazouani
et al., 2012; Ghssein et al., 2016). Ni is a constituent of
some metabolite cofactors such as the tetrapyrrole F430, the
prosthetic group of the enzyme involved in the final step of
methanogenesis (Allen et al., 2014), while other pyrrole and
azole-based modified peptides are known to have a strong
affinity for Ni and Cu, although their physiological roles are
unknown (Michael et al., 1993; Bertram and Pattenden, 2007;
Comba et al., 2014). Although not directly produced bymicrobes,
marine humic compounds, structurally heterogeneous refractory
degradation products of organic matter decay, may also complex
Cu and Ni (Baker and Khalili, 2003; Yang and Van den Berg,
2009; Whitby and Van den Berg, 2014; Abualhaija et al.,
2015).
The chemical composition of Cu and Ni ligands determines
their metal binding stability constants and turnover rates.
In general, there is competition between the two metals for
ligand binding sites, with Cu2+ usually forming more stable
organic complexes compared to Ni2+, following the Irving
Williams series (Irving and Williams, 1953). Since ligand
concentrations are nearly always in excess of Cu concentrations,
Cu tends to saturate stronger ligands, leaving weaker ligands
free to coordinate Ni (and other cations). Thus, the speciation
of metals depends on the relative binding strengths of co-
occurring ligands for Cu and Ni. The rate at which these
ligands approach equilibrium (i.e., kinetics of metal association
and dissociation) also depends on ligand structure, as do the
rates at which the ligands are produced and degraded in the
environment.
Ligands also affect metal redox chemistry. The +II oxidation
state of inorganic Cu and Ni are thermodynamically favored
in oxic seawater (Turner et al., 1981). However, Cu can
be reduced to the +I oxidation state by biological and
photochemical processes (Moffett and Zika, 1983; Wuttig et al.,
2013). Organic ligands possessing hard base electron donors such
as nitrogen and oxygen can stabilize the +II oxidation state,
while ligands with sulfur binding groups such as phytochelatin
or methanobactin can stabilize the +I state, and can even
catalyze Cu2+ reduction (Michael et al., 1993; Walsh and Ahner,
2013).
Structural characterization of organic ligands in seawater has
remained challenging. Ligands occur at very low concentrations
within a highly complex mixture of organic matter. Since
high salinity matrices are unsuitable for most mass spectral
techniques, solid phase extraction is typically used to remove
salts and concentrate ligands. Solid phase extraction resins
are available with a range of surface chemistries that can
be selected to retain different fractions of the organic ligand
pool (Waska et al., 2015). Liquid chromatography coupled to
inductively coupled plasma mass spectrometry (LC-ICPMS)
provides a means to detect and quantify metal ligand complexes
directly, and to investigate compositional changes between
samples (Mounicou et al., 2009; Boiteau et al., 2013). However,
LC-ICPMS does not provide information on the chemical
identity of ligands. Chromatographic separation combined with
electrospray ionization mass spectral characterization (ESIMS)
provides molecular weights for metal-containing compounds
based on peak coherence between chromatographic features that
match the isotopic fine structure of metals such as Fe, Cu and
Ni (Mounicou et al., 2009; Baars et al., 2014, 2015; Boiteau and
Repeta, 2015). Finally, high mass accuracy Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICRMS) can achieve
resolving power and mass accuracy sufficient to assign elemental
formulas to metal containing compounds (McKenna et al., 2014;
Waska et al., 2015).
In this study, we combined these techniques to provide robust
molecular formula assignments to several of the major nickel
and copper binding compounds in the Eastern Pacific. This
region exhibits strong surface gradients in metal concentrations
and biological activity. The surface waters in the eastern
upwelling region off Ecuador and Peru are some of the most
productive in the world, fueled by the supply of nutrients
and metals from deep waters (Pennington et al., 2006). In
the western offshore region, metal concentrations are very low
and can influence microbial community composition (Moore
et al., 2013). We detected Ni and Cu ligands derived from
seawater extracts using LC-ICPMS. We then used LC-ESIMS
and metal isotope pattern detection algorithms to characterize
metal binding compounds by molecular weight and mass
fragmentation spectra, and determined molecular formulae
through ESI FT-ICRMS. Finally, we investigated the effect of
metal additions on the competition of metals for binding these
compounds.
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METHODS
Materials and Reagents
Samples were collected and processed using protocols to
minimize trace metal contamination (Boiteau et al., in press).
All solutions were prepared using trace metal clean reagents
and high purity water (18.2 M cm, qH2O). LCMS grade
methanol (MeOH; Optima, Fisher Scientific) used for
chromatography was further purified by sub-boiling-point
distillation in a Polytetrafluoroethylene (PTFE) still to reduce
metal contamination. PTFE solid phase extraction (SPE) column
hardware and vials were cleaned overnight with 0.1% detergent
(Citranox), rinsed with qH2O, soaked in 1 N HCl (trace metal
grade, Fisher Scientific) for 1–2 days before a final qH2O
rinse. PTFE tubing and polyethersulfone capsule filters (0.2µm
Millipore) used to process seawater were flushed overnight
with 1% HCl and rinsed with qH2O. Low-density polyethylene
sample bottles for trace metal concentration measurements were
cleaned in accordance with GEOTRACES sampling protocols
(http://www.geotraces.org), stored in dilute (∼0.1N) HNO3, and
rinsed three times with filtered sample before filling. Boric acid
buffer (1.5 M) for electrochemical measurements of Cu binding
ligands was prepared in 0.4 N aqueous NH4OH (Optima, Fisher
Scientific). A 4mM stock of salicylaldoxime (SA; > 98%) was
prepared in methanol (Optima LCMS, Fisher Scientific) and
was replaced every 6 months or as needed. Copper standards
(100 nM to 10µM) were diluted from an atomic adsorption
standard (1000 ppm, Spex CertiPrep) into pH 2 qH2O (acidified
with Optima grade HCl). For electrochemical Ni measurements,
a 0.5M EPPS buffer [N-(2-hydroxyethyl)piperazine-N-(3-
propanesulfonic acid)] and a 1.5M sodium nitrite solution
were each prepared in qH2O and percolated through cleaned
Chelex-100 resin (Biorad) before use. Dimethylglyoxime (DMG)
was recrystallized as described by Saito and Moffett (2001)
and added to Optima MeOH (Fisher Scientific) for a final
concentration of 0.1M. The Ni stock solution was diluted from
an AA standard (CertiPrep; 1mg L−1) to a final concentration
of 1µM. Ferrioxamine E and cyanocobalamin standards were
purchased from Sigma Aldrich (St. Louis, Mo, USA).
Sampling
Samples were collected during the GEOTRACES Eastern
Pacific Zonal Transect cruise (October-December, 2013) from
Manta, Ecuador to Papeete, Tahiti (GP16; Figure 1A). Seawater
was collected from 3m depth with a trace metal clean
PTFE tow-fish pump system while steaming between stations
(Bruland et al., 2005). Discrete samples for voltammetry and
metal concentration measurements were filtered through a
0.2µm capsule filter (Polyethersulfone, Pall acropak). Metal
concentration samples were acidified at sea with the equivalent of
4mL of 6M quartz-distilled HCl per liter of seawater (resulting
in a pH of 1.7–1.8). Samples for ligand titrations were stored
at −20◦C until analysis, in acid-clean fluorinated polyethylene
bottles. To collect samples for trace metal ligand characterization
by chromatography mass spectrometry, seawater was pumped
from an under way tow-fish sampling system at a flow rate of
250mL/min through a 0.2µm polyethersulfone capsule filter
followed by a custom PTFE extraction column (2 cm × 6.5 cm)
packed with 20 g polystyrene divinylbenzene resin beads (ENV,
Agilent Bondesil). After 600–800 L of water was passed through
a column (representing a sampling interval of 1000–2000 km
collected over 4–13 days), the column was frozen onboard and
replaced with a fresh column for the next sample. Six samples
were collected in total (Figure 1A). A sampling blank, collected
by pumping only 200 mL of seawater through a column, was
processed and analyzed along with the six samples. No Cu
or Ni ligands were detected by LCMS in the sampling blank.
Before sample collection, the extraction columns were activated
by washing with three column volumes of MeOH followed by
three column volumes of pH2 qH2O (acidified with HCl), before
a final rinse with qH2O. Samples were stored at −20
◦C. Prior to
analysis, columns were thawed, rinsed with 500 mL of qH2O to
remove salts, and the organic compounds were eluted with 250
mL of MeOH. Methanol extracts were concentrated by rotary
evaporation in an acid cleaned quartz flask and diluted to a
final volume of 6 mL with qH2O. An aliquot of the sample was
spiked with 1µMcyanocobalamin (Sigma Aldrich) as an internal
standard.
Cu Ligand Electrochemical Titrations
Characterization of organic Cu binding ligands across the
EPZT section was carried out via competitive ligand exchange
adsorptive cathodic stripping voltammetry (CLE-ACSV).
CLE-ACSV is an electrochemical method that employs the
competition for Cu between a well-characterized ligand [here
salicylaldoxime (SA)] and the natural seawater ligands to
determine the thermodynamic stabilities of the natural ligands
(Campos and van den Berg, 1994). Frozen samples were thawed
in a refrigerator and vigorously shaken prior to analysis. The
sample was then aliquoted (10mL) into pre-conditioned PTFE
vials and buffered with 1.5M boric acid-ammonia to pH 8.2.
The vials were spiked with increasing concentrations of Cu
ranging from 0 to 25 nM, to saturate the natural ligands. The
buffer and Cu were left to equilibrate with the natural ligands
for 2 h after which the competing ligand, SA, was added at a
concentration of 5µM and left to equilibrate for 15min. Eleven-
point titrations were carried out in duplicate on a controlled
growth mercury electrode (Bioanalytical Systems Incorporated)
with electrochemical parameters as used previously (Buck and
Bruland, 2005; Bundy et al., 2013), and the peaks detected
represent SA-labile Cu complexes established during our
equilibration period. Due to the short 15 min equilibration time,
it is possible that the apparent natural ligand binding strength
(logK) is overestimated compared to results from methods
that use a longer equilibration time. Peaks generated from
titrations were extracted using the ECDSoft software package
and processed with ProMCC (Omanovic´ et al., 2014) utilizing a
single ligand model.
Electrochemical Determination of Labile Ni
Labile Ni was measured using cathodic stripping voltammetry
with an Eco-Chemie µAutolab-III analyzer connected to a
Metrohm 663 VA Stand with a hanging mercury drop electrode.
Sample aliquots (8.5mL) were placed in cleaned and conditioned
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FIGURE 1 | (A) Map of GEOTRACES EPZT section. Alternating black and
white lines indicate the six legs over which integrated samples were collected.
(B) Surface concentrations of dissolved Ni, Cu, and Cu ligands. Error bars
represent ±1 standard deviation based on replicate measurements of Cu
ligand concentrations.
PE vials, recrystallized DMG was added to a final concentration
of 200µM, and allowed to equilibrate overnight in the dark.
Just prior to analysis, 100µL EPPS buffer was added to each
sample. Samples were then purged with ultra high purity N2 and
conditioned at −0.6V for 60 s while stirring. This was followed
by a 10 s equilibration step and then a linear sweep from −0.6V
to −1.4 V with a 10 V s−1 scan rate. Labile Ni concentrations
were determined using triplicate measurements of the initial
concentrations followed by 4 standard additions of 1.0, 2.0, 3.0,
and 4.0 nM Ni. Labile Ni concentrations were defined as the
proportion of total dissolved Ni that was bound to DMG after the
12 h equilibration period, which likely represents weakly bound
organic Ni compounds and free Ni2+. The remaining fraction
of non-labile Ni represents strong organic Ni compounds with
thermodynamic conditional stability constants (logK) ranging
from 18.45 to 18.68 given the analytical window used in this study
(van den Berg and Nimmo, 1987).
Trace Metal Concentration Measurements
Dissolved Cu and Ni were analyzed using previously described
methods (Biller and Bruland, 2012; Parker et al., 2016). Briefly,
metals of interest were preconcentrated by extraction from
buffered seawater (pH 6.0) onto 2 cm columns of Nobias PA1
chelating resin, and eluted with 1N quartz-distilled HNO3. The
eluent was analyzed on an Element XR Inductively Coupled
Plasma Mass Spectrometer (Thermo Scientific) in counting
mode. Cu and Ni were both analyzed in medium resolution
and have recoveries >96%. Samples were UV irradiated prior to
preconcentration.
LC-ICPMS-ESIMS Characterization
Organic ligand samples from solid phase extraction were
separated by high pressure liquid chromatography (HPLC,
Agilent bioinert 1260 series) using a C8 column (Hamilton,
2.1 × 100mm, 3µm particle size) and polyetheretherketone
(PEEK) tubing and connectors. Compounds were separated over
a gradient from 10% MeOH in H2O to 90% MeOH over 50min
followed by isocratic elution at 90% MeOH using 5mM aqueous
ammonium formate as a buffer, and a flow rate of 0.2 mL/min.
The flow of the LC column was coupled directly to either ICPMS
or ESIMS, using a PEEK post column splitter to reduce the flow
to 50µL/min.
ICPMS parameters were modified from Boiteau et al. (2013).
The ICPMS was fitted with a perfluoroalkoxy micronebulizer
(PFA-ST, Elemental Scientific), a cyclonic spray chamber cooled
to 0◦C, and platinum sample and skimmer cones. To prevent
organic deposition onto the cones, oxygen gas was introduced
at a rate of 25mL/min. Measurements were made in kinetic
energy discrimination mode using 4.2mL/min He as a collision
gas. 59Co, 58Ni, 60Ni, 63Cu, and 65Cu were monitored with an
integration time of 0.05 s each. Concentrations of Ni and Cu
ligands detected by LC-ICPMS were calculated by integrating
peak areas for the 60Ni and 63Cu signals between 5 and 60
min, and converting this area to concentration based on a
six point calibration curve of an Fe-ferrioxamine E standard
solution (retention time = 19.8min), with signal sensitivities
intercalibrated betweenmetals using ratios obtained by analyzing
a 10 ppb Fe, Cu, and Ni solution in 5% nitric acid (Optima, Fisher
Scientific).
To determine the mass of the Ni and Cu ligands, the flow from
the LC was coupled to an Orbitrap Fusion mass spectrometer
(Thermo Scientific) fitted with a heated electrospray ionization
(ESI) source. ESI parameters were set to a capillary voltage of
3500 V, sheath, auxiliary and sweep gas flow rates of 12, 6,
and 2 (arbitrary units), and ion transfer tube and vaporizer
temperatures of 300 and 75◦C. MS scans were collected in high
resolution (450 K) positive ionization mode. Ions were trapped
using a quadrupole isolation window of 1m/z and were then
fragmented using a high energy collision induced dissociation
energy of 35%. LC-ESIMS data was converted to mzXML file
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format with the proteowizard msConvert toolkit (Chambers
et al., 2012). Retention times between the LC-ICPMS and LC-
ESIMS data were aligned by applying a constant time offset to
match the retention time of the cyanocobalamin [M+H]2+ peak
(m/z = 678) with the corresponding LC-ICPMS 59Co peak. An
isotope pattern search algorithm was used to detect the masses
of ions containing Cu and Ni by identifying m/z and intensity
features from each scan that fit the mass differences and natural
abundance ratios of 63Cu and 65Cu or 58Ni and 60Ni within
a mass tolerance of 0.003 m/z and a ratio tolerance of 20%,
and then align with the retention time of the LC-ICPMS peaks
within 0.1 min. LC-ESIMS data is available as a MassIVE dataset
(https://massive.ucsd.edu, accession MSV000080173).
FT-ICR MS Analysis
Organic extract samples were diluted 1:1 in HPLC grade
methanol (JT Baker Chemical Co., Centre Valley, PA) with
2% formic acid (by volume) for FT-ICRMS analysis. Sample
solutions were analyzed with a custom-built FT-ICR mass
spectrometer (Kaiser et al., 2011a) equipped with a 9.4 T
horizontal 220mm bore diameter superconducting solenoid
magnet (Oxford Instruments, Abingdon, U.K.) operated at room
temperature, and amodular ICR data station (Predator) (Blakney
et al., 2011) facilitated instrument control, data acquisition, and
data analysis. Solutions were infused via a microelectrospray
source (Emmett et al., 1998) (50µm i.d. fused silica emitter)
at 500 nL/min by a syringe pump. Positive ions generated
at atmospheric pressure enter the skimmer region (∼2 Torr)
through a heated metal capillary (7 A), pass through the first
radio frequency (rf)-only quadrupole, and are accumulated (3–
5 s) in an octopole equipped with tilted wire extraction electrodes
for improved ion extraction and transmission (Wilcox et al.,
2002). Helium gas introduced during accumulation collisionally
cools ions prior to transfer through two rf-only quadrupoles
(total length 127 cm) (2.0MHz and 255 Vp−p amplitude) into
a 7-segment open cylindrical ICR cell (Kaiser et al., 2011b)
based on the Tolmachev configuration (Tolmachev et al., 2011).
For each sample, quadrupole mass filtering within a defined
m/z range (∼5–30Da) that corresponded to compounds A–
D was applied prior to external ion accumulation in order to
improve resolving power and ICR dynamic range (McKenna
et al., 2013). Broadband frequency (chirp) excitation (700–70
kHz at a sweep rate of 50 Hz/µs and amplitude of 350 Vp−p)
accelerated the ions to a cyclotron orbital radius detected by
differential current induced between opposed 120◦ detection
electrodes inside the ICR cell. Fifty individual transients of
6.8 s duration were averaged, apodized with a single-sided
Hanning weight function, and zero-filled once prior to fast
Fourier transformation. Due to increased complexity at higher
m/z, broadband phase correction (Xian et al., 2010, 2012) was
applied to each mass spectrum to increase resolution of isobaric
species. Absorption-mode spectral resolving power is higher by
a factor of up to 2 than magnitude-mode resolving power. The
achieved mass spectral resolving power (m/1m50%, in which
1m50% is the mass spectral peak width at half maximum peak
height) was ∼2,000,000–2,500,000 in mass isolated segments at
m/z 500.
ICR frequencies were converted to ion masses based on the
quadrupolar trapping potential approximation (Shi et al., 2000).
Each m/z spectrum was internally calibrated with respect to an
abundant homologous alkylation series whose members differ in
mass by integer multiples of 14.01565 Da (mass of a CH2 unit)
and further iterated based on the “walking” calibration equation
(Savory et al., 2011). Calibration for quadrupole mass isolated
segments typically relied on 30–60 calibration points with sub-
ppm mass error (10–70 ppb) root-mean-square error achieved
for all peaks with signal magnitude greater than six times the
baseline noise.
LC-ICPMS Metal Exchange Experiment
To investigate metal binding competition among Ni and Cu
ligands, splits of the sample extract were spiked with 1mM citrate
stock solutions containing (a) no metal, (b) 100µM Cu, (c)
100µM Ni, or (d) 100µM Cu + 100µM Ni. Citrate was used
as a buffer (pH 6.4) and weak stabilizing ligand to keep the
metals soluble. Metal stock solutions were prepared from 1000
ppm metal reference standard solutions in 2% nitric acid (Fisher
scientific) diluted in qH2O containing 1mM trisodium citrate
dihydrate (Fisher bioreagents). Ninety microliters of sample
extract was mixed with 10µL of the metal stock solution and
incubated at room temperature in the dark for 12 h prior to
analysis. Samples were analyzed by LC-ICPMS as described
above, but using a different chromatography system (UltiMate
3000, Dionex).
RESULTS
Distributions of Cu, Ni, and
Electrochemically Detected Cu and Ni
Ligands in the Eastern Tropical South
Pacific Ocean
Concentrations of dissolved Cu and Ni and metal binding
ligands were measured across surface waters in the eastern
tropical South Pacific Ocean (Table 1). Higher concentrations
of both metals were observed near the coast, likely reflecting
inputs from aerosols and from upwelling of subsurface waters
that are rich in diagenetically remobilized metals released from
coastal sediments (Jacquot et al., 2013; Baker et al., 2016).
Moving offshore, Cu and Ni levels decreased until both metals
reached relatively stable values west of 100◦W (0.4 and 2 nM
for Cu and Ni, respectively). For Cu, total ligand concentrations
measured by CLE-ACSV consistently exceeded dissolved Cu
concentrations across the section by a factor of 1.6–12 (Table 1).
Cu ligand concentrations followed the same general trend as
dissolved Cu, with higher concentrations near the coast. Ligand
binding strength generally decreased moving offshore. These
results suggest that the concentration of free (uncomplexed)
dissolved Cu is <<1% throughout the surface of the eastern
tropical South Pacific Ocean. In contrast, uncomplexed or
weakly complexed dissolved Ni (measured as electrochemically
labile dissolved Ni, Figure 1B) concentrations ranged between
48 and 78% of total dissolved Ni. The trend of decreasing
concentration offshore was also observed for labile Ni, with a
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TABLE 1 | Concentration of dissolved Ni, Cu, and Cu ligands in surface waters of the Eastern Pacific.
Longitude (◦W) Ni (nmol/kg) Cu (nmol/kg) labile Ni (nM) ± Ltotal (nM) ± logK ±
77.4 3.47 0.73 1.67 0.023 8.77 0.20 13.95 0.01
77.6 3.36 0.69
77.6 3.07 0.65
77.7 3.61 0.70 1.80 0.032 4.23 0.29 13.87 0.28
77.8 3.59 0.77
77.9 3.56 1.32
78.3 3.70 1.36 2.01 0.048 3.00 0.21 13.49 0.12
78.6 3.43 1.07
79.3 3.19 2.32 2.06 0.084
81.5 3.57 1.80 2.36 0.071
83.4 3.47 1.20
84.0 2.29 0.068 5.31 0.30 13.47 0.21
85.6 3.43 0.83
86.5 2.23 0.025
89.1 3.38 1.33 2.03 0.001 2.06 0.24 13.00 0.16
90.4 2.95 0.74
91.5 2.96 0.97
94.1 2.91 0.93 2.08 0.026
96.5 2.70 0.66
99.0 2.79 0.71 1.77 0.004 3.13 0.06 12.55 0.14
101.5 2.45 0.87
104.1 2.64 0.69 1.88 0.008
106.5 2.47 0.57
109.2 2.36 0.68 1.75 0.019 1.89 0.11 13.37 0.09
112.8 2.52 0.49 1.98 0.013
113.6 2.32 0.53 1.60 0.036 1.39 0.06 12.83 0.04
115.1 2.41 0.44
117.5 2.71 0.56 1.61 0.025
120.1 2.39 0.52 1.77 0.121 2.63 0.08 12.99 0.11
122.5 2.45 0.46
125.1 2.22 0.44
128.1 2.44 0.61
130.0 2.29 0.46
132.6 2.32 0.41 1.37 0.162 2.07 0.14 13.05 0.09
135.0 2.47 0.56 1.41 0.029
137.0 2.33 0.59
140.0 2.08 0.39
143.0 2.21 0.42
145.0 2.22 0.45
147.5 2.03 0.42 1.47 0.010 1.71 0.12 12.72 0.05
150.0 2.30 0.38
152.1 2.09 0.45
Concentration of strong ligands (Ltotal) and conditional stability constant ± standard deviation.
lower percentage of labile Ni in coastal stations (Stations 1–6;
57% average labile Ni) compared to the other stations in the
transect (Stations 7–34; 68% average labile Ni). If the difference
between total dissolved Ni and labile Ni represents the strong
organic Ni-binding ligand concentrations, thenNi ligands ranged
from 1 to 2 nM at Stations 1–6 and <1 nM in the remaining
stations.
LCMS Ligand Characterization
Organic ligands complexed to Cu and Ni were isolated by solid
phase extraction from surface seawater across six sections of
the GEOTRACES cruise (Figure 1A). Ligands were separated by
liquid chromatography, and the Ni and Cu associated with them
was detected by ICPMS. Metal containing compounds appear
in the resulting chromatograms as peaks in signal intensity
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(Figure 2). This method only detects the metal-complexed
portion of the ligand pool, and peak intensity reflects the amount
of metal associated with the complex. Retention time provides
a measure of the polarity of a compound, with more polar
compounds eluting earlier in the chromatogram.
For both Cu and Ni, the highest ligand concentrations
were detected by LC-ICPMS in the coastal region (Figure 3,
sample 1), in agreement with electrochemical measurements
of total Cu ligands. It should be noted that the LC-ICPMS
and electrochemical methods employed here are not directly
comparable in terms of which components of the ligand pool
they target. Nonetheless, the agreement between the methods in
terms of broad ligand distribution patterns is interesting. In the
coastal sample, nearly all Cu and Ni eluted in a broad, unresolved
feature appearing between 10 and 30 min. Small amounts of
chromatographically resolved ligands appear as numerous sharp
peaks atop the broad unresolved feature. These data suggests
a very complex assemblage of structurally diverse ligands for
both Cu and Ni. Moving offshore, ligands slowly decreased in
concentration, but a larger fraction of the total ligand appeared
as distinct compounds. Overall, the LCMS method used in this
study captured 6–20% of the dissolved Cu and only 1–2% of total
dissolved Ni across the transect, consistent with the findings of
other studies that used similar solid phase extraction methods
(Waska et al., 2015). The remaining metal is presumably either
(1) unchelated or bound to very polar organic chelates that are
not retained by SPE, (2) bound to nonpolar chelates that are
strongly retained by SPE and do not elute with methanol, or (3)
bound weakly such that they dissociate from the organic chelate
during the extraction process.
Several discrete Ni and Cu compounds were resolved and
identified from the organic extracts (Figure 4). In samples 5 and
6, we characterized a compound eluting at 39.8 min that binds
both Ni (m/z 567.015) and Cu (m/z 572.009; Table 2, compound
a). A low intensity co-eluting peak with mass 511 m/z was also
observed that matches the apo (metal free) form of the complex
FIGURE 2 | 60Ni (left) and 63Cu (right) LC-ICPMS chromatograms from the six samples collected along the transect from the coast of Peru (sample 1)
to an oligotrophic station near Tahiti (sample 6). Peak intensities have been scaled to account for differences in preconcentration. Dashed lines indicate retention
times of compounds (a–d) discussed in the text.
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FIGURE 3 | Concentration of Cu and Ni complexes detected by
LC-ICPMS from the six integrated surface samples.
containing 2H+ in lieu of the metal ion, and suggests that Ni and
Cu were in the 2+ oxidation state. MS2 fragmentation spectra of
the Ni and Cu forms of compound a revealed similar fragments
and neutral losses (Figure 5). Some additional major fragments
were observed in the Cu complex fragmentation spectra (263.981,
393.997, and 527.440 m/z) but were absent from the Ni spectrum.
These fragments could be derived from an isobaric interfering
ion (571.410 m/z) that co-eluted with the 572.009 m/z ion and
fell within the quadrupole mass isolation window (red values,
Figure 5). The apo, Ni, and Cu forms of this compound were not
detected in the ESIMS spectra of samples 1–4.
Another major compound that bound only Cu eluted as
a sharp peak at 40.2 min in the LC-ICPMS chromatograms
of samples 1–4 (Figure 2). This peak increased in abundance
in samples 2 and 3 and then decreased in samples collected
farther offshore. Unfortunately, no ESIMS ion pair matching
the Cu isotope pattern could be identified in these samples at
this retention time, potentially due to matrix suppression effects,
poor ionization of the compound, or a compound mass that was
outside of the instrument’s analytical range.
Finally, three compounds that only appeared in the Ni
chromatogram were detected at 46.4, 48.6, and 49.9min
in samples 4 and 6 (Figure 4, compounds b–d). The 58Ni
monoisotopic mass of these compounds was determined to
be 649.148, 698.280, and 712.295 m/z. The MS2 spectra of
compound b (m/z 649.148) exhibited three major neutral losses:
77.978 (likely CH2O2S), 243.130, and 301.117 m/z. However, a
coeluting isobaric ion (m/z 648.539) fell within the quadrupole
isolation window, and it is possible that some of the fragments
are derived from this interfering ion. Compound d is structurally
related to compound c based on their similar MS2 fragmentation
patterns (Figure 5), differing only by the presence of an
additional CH2. The masses of the apo forms of compounds b–d
(calculated by substituting 2H+ for Ni2+) were not observed in
the LC-ESIMS spectra.
To facilitate molecular formula assignments, we used
FT-ICRMS to obtain sub-ppm mass measurement accuracy
within the mass ranges of compounds a–d. Accurate masses were
obtained for compounds a and c, while compounds b and d were
below detection. The achieved ultrahigh resolving power of the
FT-ICRMS shown in Figure 6 (m/1m50% = 2,400,000 at m/z
569) was sufficient to resolve 34S isotopologues of compound
a that remained unresolved at lower resolving power (LC-
ESIMS). Molecular formula predictions for compounds a and c
were first generated based on MS2 fragmentation data with the
assistance of CSI-FingerID, which combines MS2 fragmentation
tree computation and machine learning (Dührkop et al., 2015).
To create a list of metal free fragment masses as an input to
CSI-FingerID, we subtracted the mass of the metal from metal
containing fragments that were identified based on their isotopic
signature. We compared the top scoring molecular formula
predictions to all molecular formulas containing C, H, N, O,
P, and S within 2ppm of the exact mass determined by FT-
ICRMS. [C20H21N4O8S2+M]
+ (where M refers to an Ni or Cu
isotopologue) and [C32H54N3O6S2Ni]
+ were the only molecular
formulae that were consistent with both the MS2 and accurate
mass results for compounds a and c respectively. Compound d
was then assigned a formula of [C33H56N3O6S2Ni]
+ based on its
structural similarity to compound c. Searches for the molecular
formulae of the apo forms of compounds a, c, and d in the
Pubchem database did not yield any matches that are consistent
with the MS2 fragmentation patterns, suggesting that they are
novel compounds. Obtaining full structures for these compounds
requires additional characterization.
Cu and Ni Addition Experiment
LC-ICPMS enables direct detection of the metals that are
associated with each ligand, and could potentially be used to
monitor the exchange of ligand bound metal. As a preliminary
investigation of metal competition and exchange using LC-
ICPMS, an aliquot of sample 6 was spiked with a large excess
of Cu, Ni, and a combination of both metals, then allowed to
equilibrate for 12–15 h prior to analysis by LC-ICPMS tomonitor
Cu and Ni. This treatment saturates uncomplexed ligands and
drives metal exchange by changing the relative availability of Cu
vs. Ni for ligand binding.
When Cu was added to the sample, there was a large increase
in signal intensity in the LC-ICPMS chromatogram of Cu peaks
relative to the unamended sample (Figure 7). Three additional
chromatographic peaks with very high intensities appeared at
38.9, 39.7, and 43.0 min. This experiment demonstrates that
there was a significant portion of uncomplexed ligand in the
organic extract that became saturated with the addition of
excess Cu. These results are consistent with electrochemical
data that indicated free (uncomplexed) Cu ligands were at least
5x more abundant than Cu (Figure 1). The addition of Ni
did not significantly affect the distribution of Cu containing
compounds. The Cu baseline was slightly elevated in the Ni
addition treatment, likely due to residual Cu carryover adsorbed
to the walls of the injector flow-path or column from the
preceding Cu addition analysis.
Nickel addition did, however, cause new peaks to appear in
the Ni ICPMS chromatogram at 37.1, and 38.5min (Figure 7).
Yet these peaks were absent when both Ni and Cu were added,
indicating that Ni was outcompeted by Cu for binding to these
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FIGURE 4 | Determination of Cu and Ni compound mass. (A) ICPMS chromatogram of 63Cu and 60Ni. Dashed lines indicate retention times of identified
compounds (B) Extracted ion chromatograms (EIC) from positive mode ESIMS. Blue and orange lines correspond to the light and heavy metal isotopologues
respectively. The intensity of the heavy isotopologue has been scaled by the natural abundance ratio of 58Ni/60Ni or 63Cu/65Cu (multiplied by 2.6 or 2.2 respectively)
so that the isotopologues overlap.
TABLE 2 | Ni and Cu compounds detected across the GEOTRACES EPZT transect.
Compound Retention time (min) Molecular formula Apo Form m/z 58Ni Form m/z 60Ni Form m/z 63Cu Form m/z 65Cu Form m/z
a 39.8 [C20H21N4O8S2 + M]
+ 511.095 567.015 569.011 572.009 574.007
b 46.4 649.148 651.143
c 48.6 [C32H54N3O6S2 + M]
+ 698.28 700.275
d 49.9 [C33H56N3O6S2 + M]
+ 712.295 714.291
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FIGURE 5 | High resolution MS2 fragmentation spectra of Cu and Ni compounds detected in oligotrophic Eastern Tropical South Pacific. The first and
second panels show spectra for the 63Cu and 58Ni isotopologues of the same ligand (compound a). The bottom three panels show spectra for the 58Ni
isotopologues of compounds (b–d). Red masses are likely fragments from interfering isobaric ions.
ligands. The major uncomplexed Cu binding ligands at 38.9,
39.7, and 43.0min did not appear in the Ni chromatogram
after Ni addition. These three Cu binding ligands did not
outcompete the added citrate for Ni binding, suggesting very
weak Ni binding for these compounds and better selectivity
for Cu. The metal addition treatments did not affect the
intensity of the Ni or Cu peaks detected for compound a
(39.8min), showing that this compound was saturated with
metal in the original sample and has slow metal exchange
kinetics.
DISCUSSION
These results provide a first glimpse of the distribution and
chemical diversity of natural dissolved Cu and Ni complexes
in the Eastern Pacific Ocean. The LC-ICPMS methods detected
a fraction of the total dissolved metal (6–20% for Cu and
1–2% for Ni). LC-ICPMS only detects ligands if they are
complexed to metals. It is important to note that despite efforts
to minimize sample treatment, some changes in metal speciation
are possible during extraction, since the final extract has a
Frontiers in Marine Science | www.frontiersin.org 10 November 2016 | Volume 3 | Article 243
Boiteau et al. Structure of Marine Metal Ligands
FIGURE 6 | Direct infusion ESI FT-ICR MS at 9.4 Tesla of (A) compound a and (B) compound c. Major isotopologues are labeled.
higher concentration of organic matter, a slightly lower pH
(between 6 and 8), and much lower salt concentration than
natural seawater. These differences can alter the kinetics of
metal exchange compared to natural marine conditions but are
unlikely to change the relative metal affinities of different ligands.
Therefore, we believe the complexes observed in the LC-ICPMS
chromatograms in Figure 2 probably represent strong ligands
that bind these metals under native conditions.
Inshore Heterogeneous Ligands Detected
by LC-ICPMS
The fraction of total dissolved Cu and Ni ligands in seawater
detected by LC-ICPMS is particularly high inshore, between
80 and 90◦W. In this region, ligands were predominantly
polar, structurally heterogeneous compounds that eluted between
10 and 30min (Figure 2). The LC-ICPMS chromatograms
are qualitatively similar to chromatograms of coastal seawater
organic extracts monitored by atomic fluorescence detection to
investigate metal-organic speciation. These studies concluded
that marinemetal binding ligands are a complexmixture of many
different compounds with a wide range of polarities (Mackey,
1983a; Mackey and O’Sullivan, 1990). One potential source of
these heterogeneous polar ligands is the organic matter upwelled
from low oxygen subsurface water. Continental shelf sediments
have been suggested as a major source of Cu ligands (Skrabal
et al., 1997, 2000; Bundy et al., 2013) including humic materials
that form as organic matter decays after burial (Whitby and Van
den Berg, 2014; Abualhaija et al., 2015). Humic materials likely
contribute to the broad, chromatographically unresolved baseline
eluting between 10 and 30 min. In addition, there are small,
discrete chromatographic peaks superimposed on the unresolved
baseline suggesting that well defined compounds of biological
origin are likely present as well. This is consistent with previous
studies that observed strong Cu ligands in highly productive
regions (Coale and Bruland, 1988, 1990; Moffett et al., 1990;
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FIGURE 7 | LC-ICPMS chromatograms of 58Ni and 63Cu after the
addition of excess citrate bound Cu and Ni to sample 6 followed by
incubation for 12h. (A) Addition of Cu did not change the distribution of Ni
ligands in this sample, while the addition of Ni resulted in the appearance of
two Ni containing compounds. (B) Addition of Ni did not change the
distribution of Cu compounds in the sample, while addition of Cu resulted in
the appearance of a suite of Cu compounds.
Moffett, 1995). Unfortunately we were unable to detect Cu or
Ni isotopologues at these retention times using LC-ESIMS due
to interferences and ion suppression from the extremely complex
matrix of coeluting compounds.
Structural Characterization of Defined Cu
and Ni Ligands
In contrast to the broad suite of polar compounds found
in the coastal upwelling sample, the well-defined Cu and Ni
binding compounds a–d were only observed in the low-metal
oligotrophic surface waters between 120 and 160◦W. Based on
the molecular formula assignments of the parent and fragment
ions observed by ESIMS, these compounds are novel multi-
dentate metal chelators. Compound a [C20H21N4O8S2+M]
+
was particularly abundant, accounting for 4–5% of the Cu and
5–8% of Ni detected by LC-ICPMS in samples 5 and 6. The
overall compound has 12 degrees of unsaturation, including
rings plus double bonds. One domain of this molecule is
represented by the ions [C11H7N2O6+M]
+. The large number
of heteroatoms and degrees of unsaturation in this fragment
imply the presence of heavily conjugated cyclic azole-like
functional groups. The nitrogen atoms of such groups serve
as the electron donor of many strong Cu and Ni chelators
including cyclic peptides and porphyrins. The remaining half
of the molecule is represented by [C9H13N2O2S2]
+. The sulfur
atoms appear to be associated with thiols, as indicated by an
observed neutral loss of CH2S and the fragment C6H10NS
+
2 .
Furthermore, the loss of CO2 between the fragments of
C7H11N2S
+ and C8H11N2O2S
+ imply the presence of a labile
carboxylic acid. This second half of the compound appears to
have lower metal affinity, since the representative fragments
were not observed in association with Ni or Cu. However,
a fragment that retains one of the azole-like nitrogen groups
[C13H14N3OS+M]
+ does bind the metal, further implicating
nitrogen as a key metal binding moiety. The closest structural
analogs to compound a among well-studied biological Cu and Ni
chelatorsmay be othermultidentate ligands that possess aromatic
nitrogen based ligands, such as porphyrins or cyclic azole-based
peptides.
Compounds c and d are larger molecules with 7 degrees
of unsaturation. As with compound a, multiple N and O
electron donors appear to be more important for metal binding
than S, as indicated by the fact that one or both sulfurs
are missing from all of the fragments that retain Ni, such
as C25H41N2O4Ni
+ and C14H24NO4Ni
+. In these molecules,
sulfur is associated with domains represented by the major
neutral loss of C7H11NOS and fragments C8H12NOSNi
+ and
C11H18NOSNi
+. These compounds also possess a hydrocarbon
domain represented by the fragment C11H15O
+ that contribute
to the hydrophobicity of these compounds and the late retention
times.
These ligands provide insight into structural elements that
are likely shared by other marine ligands with similar chemical
properties (e.g., binding affinity, redox potential, bioavailability)
and biological roles. However, fewer structures of marine Cu
and Ni ligands are known compared to other ligand classes such
as siderophores (Vraspir and Butler, 2009). While extracellular
Cu binding ligands have been detected from a wide variety of
ecologically abundant marine phytoplankton and bacterial taxa
(Moffett and Brand, 1996; Croot et al., 1999, 2000; Gordon
et al., 2000; Wiramanaden et al., 2008), few of these ligands have
been structurally characterized. The combined LCMS approach
we used here is well suited for rapid screening of laboratory
pure cultures for Ni and Cu ligands, and offers the potential to
expand the catalog of characterized ligands and their biological
sources.
The appearance of compounds a–d in the western part of the
transect suggest that they may be involved in metabolic processes
that are unique to the oligotrophic ocean. One possibility is
that these compounds are used to regulate intracellular free
metal concentrations. As microbes concentrate iron, cobalt,
and other scarce metals from the environment via transporters
with imperfect specificity, they also concentrate more abundant
metals including Cu and Ni (Waldron et al., 2007; Waldron
and Robinson, 2009). Specialized chelators may be needed to
prevent Cu or Ni from occupying binding sites in proteins
that are meant for other metals. Alternatively, these Ni and Cu
complexes may be cofactors used in metabolic processes that
only occur in oligotrophic waters, perhaps as a substitution for
scarce metals. Such cofactors are often tetrapyrroles such as the
Ni cofactor F430 used by methane oxidizing archea (Allen et al.,
2014). These intracellular metal compounds could be released
into the dissolved ligand pool by cell lysis (Ahner et al., 1997;
Dupont et al., 2004; Wei and Ahner, 2005). Another possibility
is that these compounds are released by microbes in order to
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enhance metal uptake. Such strategies may provide an advantage
to microbes that inhabit the oligotrophic Eastern tropical Pacific
ocean where free Cu could potentially be in short supply (Jacquot
et al., 2013).
Additional metal complexes were also observed for which
masses could not detected by LC-ESIMS due to ion suppression
from coeluting compounds. Improving the separation of these
metal bound compounds from the organic background using
multiple dimensions of chromatography may resolve this issue.
Furthermore, the saturation of free ligands with added Ni
and Cu gave rise to intense chromatographic peaks. Future
work will focus on the LC-ESIMS characterization of these
compounds, which likely correspond to weaker ligands in the
samples. Some of these appear to have affinity for Cu but not
Ni while others bind Ni as well, and these diverse metal binding
behaviors may reflect different electron donating functional
domains.
Other methods of extracting organic compounds from
seawater may offer additional analytical windows for ligand
characterization. The solid phase extraction method used in
this study was selected due to the low organic background
of the ENV resin and stability across a wide range of pH
values. Other hydrophobic resins or other elution solvents
may recover a different fraction of the total dissolved metal
and ligands (Mills et al., 1982; Mackey, 1983b; Waska
et al., 2015). In addition, other extraction approaches such
as immobilized metal affinity chromatography have been
used to extract weak or uncomplexed metal ligands from
seawater (Ross et al., 2003). The composition of the ligands
retained by these other extraction methods remains poorly
constrained, but the LC-ICPMS-ESIMS approaches described
here can be adapted to survey the composition of these
extracts.
Slow Dissociation Kinetics of Compound a
The presence of both Ni and Cu complexes of compound a raises
questions about the dynamics of Ni and Cu competition for metal
binding sites. Two factors are important—the binding affinity
of the chelator to different metals as the system approaches
equilibrium, and the kinetics of metal exchange. Although Cu2+
ligand complexes are typically more stable than Ni2+ complexes
in aqueous solutions (Irving and Williams, 1953), compound
a did not release any bound Ni2+ after the addition of excess
Cu2+ in our experiments. This suggests that the dissociation
kinetics of compound a with Ni are much slower than the 12 h
equilibration time used in this study. For such compounds, the
metal that they bind in the ocean may reflect metal association
rates rather than equilibrium binding constants. The kinetics
of metal association depend on free metal ion concentrations
and the loss rate of water from the inner coordination sphere
of those metals (Hering and Morel, 1989, 1990). In this case
of Ni and Cu competition, the significantly slower water loss
rate of Ni compared to Cu may be offset by the higher
free metal ion concentration of Ni (inferred from high labile
Ni measurements), since over 99% of Cu is complexed by
strong organic ligands throughout the transect, while <50%
of dissolved Ni is strongly complexed. Alternatively, the metal
speciation of these compounds may reflect the intracellular
environment where metal-ligand complexes can form, likely
in the presence of very low intracellular metal abundances
(Rae et al., 1999), and subsequent slow dissociation kinetics
as these metal-ligand complexes are released. Slow dissociation
kinetics may be common for strong ligands of other metals
as well. Nickel can impact the solubility and bioavailability of
scarce micronutrient Co by competing for the same ligand sites,
and the result of this competition may well be controlled by
kinetics rather than thermodynamics (Saito and Moffett, 2001).
Furthermore, strong iron binding ligands such as siderophores
can have lifetimes of several months before dissociation (Witter
et al., 2000), although the compounds themselves are likely taken
up or degraded on shorter timescales similar to other peptidic
compounds. These examples of slow dissociation kinetics are an
important consideration for experiments and models of metal
speciation, particularly for strong ligands that are capable of
binding multiple metals.
CONCLUSIONS
In this study, we used a mass spectrometry based approach
to detect and characterize Cu and Ni ligands in the US
GEOTRACES section across the eastern tropical South Pacific
Ocean. Using both mass spectrometric and electrochemical
approaches, we found that the concentrations of Cu and
Ni ligands are highest in the coastal upwelling region
of the section, where ligands occur as a very complex
mixture of chromatographically unresolved compounds. Ligand
concentrations were lower in offshore oligotrophic surface
waters, where structurally well-defined ligands become relatively
more important. The partial structural characterization of these
compounds reveals that these are multi-dentate ligands with hard
base electron donors that bind metals in the 2+ oxidation state.
Discovering the biological source of these ligands is the key
to understanding their distinct distributions across the surface
ocean as well as their role in biogeochemical metal cycles.
The analyses presented here are well suited for the compound
specific discovery and investigation of other metal chelators. As
we learn more about the compounds that bind these metals
in the ocean, structural similarities will continue to emerge
and facilitate future identifications. This information will help
generate specific molecular targets and model compounds that
can be tracked through the environment and provide greater
insight into mechanisms of metal cycling and connections with
microbial ecology.
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